and (vaccenic + palmitoleic)/palmitic and the C18 desaturation index of oleic/stearic were calculated. Liver protein abundance of SCD-1 was analyzed in newborns and adult offspring. Plasma and liver C16 desaturation indices were decreased in HF newborns, but increased in the adult offspring. Liver SCD-1 expression was increased in the HF adult offspring. These data show that the maternal HF diet during pregnancy and lactation increases offspring liver SCD-1 protein abundance and alters the liver C16 desaturase pathway.
in pregnancy is an increasingly prevalent condition seen in one in five women [2] . The risk of pregnancy complications, including gestational diabetes, hypertension, preeclampsia, and cesarean delivery, is increased in obese women [3] . Moreover, obesity in the first trimester of pregnancy more than doubles the risk of childhood obesity [4] .
The notion that the in utero environment programs obesity and obesity-associated disorders is supported by data from human and animal studies [5] . Initial experimental studies of fetal programming demonstrated that offspring exposed to maternal undernutrition during pregnancy are predisposed to developing adult obesity and metabolic syndrome, despite being born small-for-gestational age [6, 7] . Maternal over-nutrition, however, is perhaps more clinically relevant in today's Western society. Fetal exposure to various indicators of maternal overnutrition, such as the increased pre-or early pregnancy body mass index, gestational weight gain, or gestational diabetes, increases the risk of offspring obesity and metabolic syndrome in humans and animals [8] [9] [10] [11] [12] .
Mechanisms for programmed obesity likely involve perturbations in fatty acid metabolism that promote fatty acid availability and TAG synthesis for fat storage. Specifically, monounsaturated fatty acids (MUFA), which are the preferred substrate for TAG synthesis, are a product of endogenous (de novo) synthesis from saturated fatty acid (SFA) precursors [13, 14] . The conversion of SFA to MUFA is catalyzed by the lipogenic enzyme, stearoyl-CoA desaturase enzyme-1 (SCD-1), which introduces a double bond at the Δ9 position [15, 16] . The product-to-precursor ratio of MUFA to SFA is the desaturation index (DI) and directly reflects SCD-1 expression/activity [17] . Highly abundant SFA are 16:0 (palmitic) and 18:0 (stearic), which when desaturated produce MUFA 16:1(n-7) (palmitoleic) and 18:1(n-9) (oleic), respectively. Additionally, direct elongation of palmitoleic acid results in the MUFA 18:1(n-7) (vaccenic acid). Hence, the DI of palmitoleic/palmitic and (vaccenic + palmitoleic)/palmitic represent activity of the 16-carbon (C16) desaturation pathway, whereas oleic/ stearic represents activity of the 18-carbon (C18) desaturation pathway. Notably, both the DI and SCD-1 activity correlate with measures of adiposity [18] [19] [20] [21] .
We established a model of maternal obesity by feeding dams a high-fat diet prior to and during pregnancy, which results in normal-birth-weight newborns that become obese with increased body weights and body fat content both during and following nursing [10, 11] . We hypothesized that a maternal HF diet results in offspring with increased plasma and liver DI indicative of increased liver synthesis of MUFA substrates for TAG synthesis. We further hypothesized that a maternal HF diet is associated with upregulated liver SCD-1 enzyme activity in the offspring.
Materials and Methods
The study was approved by the Animal Care Committee at the Los Angeles Biomedical Research Institute at HarborUniversity of California, Los Angeles, and was conducted in accordance with guidelines provided by the American Accreditation Association of Laboratory Care and the Public Health Service Policy on Humane Care and Use of Laboratory Animals. The rat model of a maternal HF diet used in the current study has been previously described [10, 11] . In brief, 3-week-old female Sprague-Dawley rats (Charles River Laboratories, Hollister, CA) were housed in a facility with constant temperature and humidity and a controlled 12:12 h light/dark cycle. The rats were randomly assigned to either a diet high in fat (HF 60 % kcal fat, 20 % kcal protein, 20 % kcal carbohydrate, purified diet 58Y1, New Brunswick, NJ, USA; n = 5-6) to induce obesity or a normal control diet (control 10 % kcal fat, 20 % kcal protein, 70 % kcal carbohydrate, purified diet 58Y2; n = 5-6). The specific fatty acid composition of each diet is given in Table 1 . At 11 weeks of age, rats were mated and continued on their respective diets during pregnancy and lactation.
Male Offspring
After birth at 1 day of age (P1), litters were culled to 8 pups (4 males and 4 females) per dam to standardize nursing. All pups were nursed by their respective HF or control dams until 3 weeks age (P21). At the end of this lactation period, offspring from both groups were weaned to the control diet. We elected to study male offspring only because females would have required estrus assessment, since estrogen is known to affect adiposity and lipid metabolism [22] . Body weights were recorded at P1 (newborns) and at 6 months of age (adults). In addition, at 6 months of age, noninvasive body composition measurements were obtained using a dual-energy X-ray absorptiometry scan system with a software program for small animals, and the percentage of body fat was determined (QDR 4500A; Hologic, Bedford, MA).
Blood and Tissue Collection
Maternal blood was obtained at term (gestational age E20) via tail bleed, after removal of food 1 h prior. Excess P1 male pups during litter culling were euthanized by decapitation and blood pooled per litter. Male offspring at 6 months age were anesthetized by 5 % isoflurane/2 % oxygen by mask and blood collected via cardiac puncture. Following this, animals were euthanized by an overdose of pentobarbital (200 mg/kg i.p.), liver tissue collected, snap-frozen in liquid nitrogen and stored at −80 °C until analysis.
Gas Chromatography/Mass Spectrometry (GC/MS)
The extraction of total fatty acids (including those from phospholipids, TAG, cholesterol esters, and free fatty acids) from plasma and liver tissue was performed, as previously described [21] . Tissue samples (~15 mg liver) or plasma samples (30 μl) were saponified overnight in equal volumes (100 μl) of 200-proof ethanol and 30 % KOH (w/v) on a 70 °C heating block. HCl was subsequently added to acidify the samples, followed by extraction of fatty acids three times with petroleum ether and air drying. Samples are stored under a vacuum until derivatization. Fatty acids were then derivatized as methyl esters with 0.5 N methanolic HCl and dried under a nitrogen stream. Reconstitution of the extract with hexane allowed for analysis using GC/MS. Heptadecanoic acid-d3 (tri-deuterated) was added as an internal standard to each sample. GC/MS analysis was run on a Hewlett-Packard model 5973 selective mass detector connected to a model 6890 GC. SFAs (palmitic, stearic), MUFAs (palmitoleic, oleic, vaccenic), and polyunsaturated fatty acids (PUFAs; linoleic, α-linolenic, arachidonic, eicosapentaenoic, docosahexaenoic) were separated on the GC with a Bpx70 column (30 m length, 250 μm diameter, 0.25 μm film thickness, from SGE, Inc., Austin, TX). GC conditions were as follows: helium flow rate, 1 ml/min; initial oven temperature, 150 °C, which was programmed to increase at 3 °C/min to a final temperature of 221 °C. Under such conditions, expected retention times (by comparison to known standards) for palmitic, palmitoleic, stearic, oleic, and vaccenic acids were 6.1, 6.6, 8.9, 9.4, and 9.5 min, respectively. Mass spectra of fatty acids were acquired to confirm compound identity using electron impact ionization in linear mode.
If a peak was too low for integration or the mass spectrum of a peak at the expected retention time did not show characteristic ions, then the fatty acid was considered undetectable. All samples were run in triplicate, and the relative proportion of any given fatty acid was presented as a molar percent of select fatty acids that are related to or may influence de novo synthesis and desaturation (myristic, palmitic, palmitoleic, stearic, oleic, vaccenic, linoleic, and arachidonic acids). α-Linolenic, eicosapentaenoic, and docosahexaenoic acids were not detected in nearly all the samples, and, if present, each comprised <0.2 % of the total abundance and was therefore not included.
Desaturation Index (DI)
After determination of the relative proportions of fatty acids through the integrated areas under the gas chromatogram peaks, the DI was determined by calculating the ratio of MUFA to the corresponding SFA: palmitoleic/palmitic, (vaccenic + palmitoleic)/palmitic, or oleic/stearic.
Protein Extraction and Western Blotting
Liver protein was extracted in radioimmunoprecipitation assay buffer (1×) containing protease inhibitors (HALT cocktail; Pierce, Rockford, IL), and the total protein concentration in the supernatant was determined using a bicinchoninic acid assay (BCA kit; Pierce, Rockford, IL). Western blotting was performed as previously described [23] , using an antibody against stearoyl-CoA desaturase-1 (SCD-1; sc-14720 Santa Cruz Biotechnology, TX, USA), primary antibody 1:500, and secondary antibody 1:2000. The depicted bands had the expected molecular weight.
Statistical Analysis
For all offspring studies, six males were studied per group (one male from each of six litters), with the exception of newborn plasma where blood was pooled from all excess male pups in each litter. Differences between the HF and control diet groups were compared using unpaired Student's t test. P values ≤0.05 were considered significant, and values are expressed as mean ± standard error (SE).
Results

Triacylglycerol Levels
At E20, HF dams had comparable plasma TAG levels to the control dams. However, plasma TAG levels in
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HF newborns were significantly lower than in controls, whereas in HF adult males they were significantly higher (Fig. 1) .
Plasma 16-Carbon Pathway Fatty Acids
HF dams had significantly lower proportions of palmitic and palmitoleic fatty acids. HF dams also demonstrated lower vaccenic acid, which is made by chain elongation of palmitoleic acid [24] . Unlike the HF dams, the HF newborns at 1 day of age showed no change in plasma palmitic acid. Similar to the HF dams, the HF newborns exhibited reduced proportions of plasma MUFA (palmitoleic and vaccenic acids) as compared to control newborns ( Table 2 ). In contrast to HF dams and male newborns, the adult offspring had significantly higher plasma abundance of MUFA (palmitoleic and vaccenic acids) than controls ( Table 2) .
Plasma 18-Carbon Pathway Fatty Acids
In HF dams, male newborns, and adult offspring, the abundance of SFA (stearic) and MUFA (oleic acid) was comparable to their respective controls (Table 2) .
Plasma Desaturation Index
Consistent with their C16 and C18 fatty acid profiles, both HF dams and HF newborns had lower C16-related plasma DI (palmitoleic/palmitic; vaccenic + palmitoleic/palmitic ratios) as compared to controls. However, the C18-related Plasma TAG levels in high-fat (HF) newborns were significantly lower than in controls, whereas in HF adult offspring they were significantly higher. Values are mean ± SE of six males from six litters for control and HF offspring. P ≤ 0.05 vs. control Table 2 Profile of plasma fatty acids of interest for maternal dam, newborn, and 6-month-old offspring 20:4(n-6), arachidonic 6.9 ± 0.4 5.7 ± 0.7 2.1 ± 0.2 1.1 ± 0.3* 9.9 ± 2.8 12.9 ± 2.2 plasma DI (oleic/stearic) was similar for both groups. In contrast, adult HF males exhibited increased C16-and C18-related DI (Fig. 2) .
Liver 16-Carbon Pathway Fatty Acids
The HF newborns had lower liver palmitoleic and vaccenic acid levels, although proportions of SFA palmitic were unchanged compared to controls. The HF adult male offspring showed increased proportions of vaccenic acid only compared to controls (Table 3) .
Liver 18-Carbon Pathway Fatty Acids
The HF newborns and HF adults showed no changes compared with controls (Table 3) .
Liver Desaturation Index
The changes in liver DI were similar to the changes in plasma DI in the HF male offspring. In HF newborns, liver C16-related DI were lower (palmitoleic/palmitic and vaccenic + palmitoleic/palmitic) than in controls, although there was no difference in the C18-related DI (oleic/stearic). In HF adult males, liver C16-related DI was higher than in controls, and again no changes were seen in C18-related DI (Fig. 3) .
Liver Protein Abundance of SCD-1
Compared with control newborns, HF newborns exhibited a trend toward decreased protein abundance of liver SCD-1. However, HF adult male offspring demonstrated 
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Fig. 2 Maternal and offspring plasma desaturation indicies (DI).
High-fat (HF) dams and HF newborns had lower C16-related plasma DI compared with controls; however, the C18-related plasma DI was similar for both groups. Adult HF offspring exhibited increased C16-and C18-related DI. Values are mean ± SE of six males from six litters for control (black bars) and HF (gray bars) offspring. In newborns, plasma was pooled per litter because of the small blood volume at this age. P ≤ 0.05 vs. control Table 3 Profile of liver fatty acids of interest for newborn and 6-month-old offspring significantly higher liver SCD-1 expression than controls (Fig. 4 ).
Discussion
The current study demonstrates that exposure to a maternal HF diet rich in MUFA programs male offspring fatty acid metabolism. We have previously published data that showed that at the end of the nursing period, offspring of the obese dams used in the current study exhibited increased adiposity and developed metabolic syndrome [10] . Specifically, the HF dams were significantly heavier prior to mating (29 %), at E20 (14 %) and at the end of lactation (12 %) as compared to controls [10, 11] . Despite increased maternal body weight, the HF newborns had similar birth weight as the controls (7.3 ± 0.1 vs. 7.4 ± 0.2 g).
However, with continued nursing by HF dams, the HF male offspring began showing accelerated growth, and, importantly, when weaned to a normal diet, the HF male offspring continued to show a significant weight increment. As adults, the HF males were markedly heavier (823 ± 40 vs. 627 ± 20 g, P < 0.05) with greater adiposity (21 %) than controls [10, 11] . Consistent with this phenotype, the principal findings of the present study demonstrate altered fatty acid metabolism, including specific changes in C16-related DI in plasma/liver of the same group of HF dams and their male newborn and adult offspring. Namely, (1) HF obese dams have decreased plasma DI, (2) HF male newborns exhibit parallel changes to obese dams with lower plasma and liver DI, despite normal birth weight, and, most importantly, (3) obese HF adult male offspring demonstrate increased plasma and liver DI with upregulated liver SCD-1 protein abundance. Fig. 3 Offspring liver desaturation indicies (DI). In High-fat (HF) newborns, liver C16-related DI were lower than in controls, and there was no difference in the C18-related DI. In HF adult offspring, the liver C16-related, but not C18-related DI was higher than in controls.
Values are mean ± SE of six males from six litters for control (black bars) and HF (gray bars) offspring. P ≤ 0.05 vs. control 
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The mechanism accounting for the paradoxically reduced plasma DI in obese dams and their newborn male offspring is unknown, but may, at least in part, result from the composition of the maternal HF diet. High-fat diets are usually low in carbohydrates. Carbohydrates are potent stimulators of de novo fatty acid synthesis, which in turn provides substrates to promote SCD-1 desaturation [25] . Therefore, animals exposed to low carbohydrates in our study may conversely demonstrate decreased desaturation indices. Also noteworthy is the fact that the HF diet is highest in palmitic acid and MUFA; however, the maternal plasma abundances of palmitic and oleic acids are proportionally lower or unchanged, suggesting that contributions from endogenous fatty acid synthesis and modification impact the overall composition. Therefore, the plasma fatty acid profile is not only a reflection of dietary intake. Future studies may be done to determine whether the fatty acid profiles observed in this study are specific to a diet high in MUFA and SFA versus other types of fats (e.g., predominantly SFA or polyunsaturated fatty acids).
Despite the increased dietary supply of both SFA (substrates for SCD-1) and MUFA (products of SCD-1), the maternal HF diet selectively affected the liver C16 desaturase pathway in the HF dams and their newborn male offspring. Since the C16 DI is a good index of liver SCD-1 activity [17] , these data may reflect a specific effect of maternal HF diet on de novo lipogenesis, since the majority of C16 MUFA (palmitoleic) is obtained via de novo lipogenesis, whereas C18 MUFA (oleic) is abundant in dietary sources [18, 26] . The greater amount of SFA and MUFA in the HF diet compared with the control diet in the present study may have affected the desaturase activity, since increased proportions of C18 MUFA (oleic) have been shown to decrease C16 and increase C18 DI in healthy humans [18] . Along with decreased liver DI in HF newborns, there was a corresponding trend (P = 0.07) toward decreased liver SCD-1 expression. However, the effect of an HF diet during pregnancy on maternal liver SCD-1 expression is unknown, as we were unable to sacrifice the dam at the end of pregnancy.
Notably, not only were the DI profiles of HF newborns similar to those of the HF obese dams, but the plasma DI profiles in HF newborns also mirrored their liver profiles, consistent with previous studies indicating that plasma fatty acid composition reflects liver fatty acid composition [17, 27] . Further studies are required to determine whether plasma DI profiles may provide useful clinical information as biomarkers for altered liver newborn fatty acid metabolism. In contrast, the present results suggest that birth weight is neither a good indicator of underlying metabolic alterations nor a good predictor of future adiposity in male offspring exposed to an HF diet in utero [10, 28] .
Several studies have confirmed that exposure to a maternal HF diet during pregnancy may program adult offspring obesity, high TAG levels and insulin resistance [10, [28] [29] [30] . However, few mechanistic studies have addressed the role of altered fatty acid metabolism in the underlying mechanism of programmed obesity. In adults, fatty acid DI and SCD-1 activity have been shown to positively correlate with lipogenesis and adiposity [16, 21, 31, 32] . In the current study, despite being weaned to the control diet and having a suppressed C16 desaturase pathway at birth, the HF male offspring developed increased plasma and liver DI, increased liver SCD-1 expression, and obesity as adults. Studies in SCD-1-deficient mice suggest that de novo production of MUFA from SFA is necessary for the production of liver TAG, which are subsequently directed for use in adipose lipid storage [13, 31, 33] . Although we did not measure liver TAG in our study, other studies of maternal high-fat diets have shown increased liver TAGs in the offspring as early as ages day 1 and day 10 [34, 35] . Hence, increased de novo production fatty acids and their storage as TAG may contribute to the development of obesity in this model of programming by maternal HF diet [16, 21, 31, 32] . Dietary fat content and composition affect the composition of lipids secreted in rats' milk [36] [37] [38] , which may contribute to the programmed offspring phenotype [10, 11] . We have previously shown increased adiposity and high TAG levels in 24-week-old rats that were exposed to a maternal HF diet regardless of whether the exposure to an HF diet occurred during pregnancy, during lactation, or both [10] . Whether offspring fatty acid metabolism is affected by the dams' milk composition in the current study is unknown.
In HF adult male offspring, the proportions of C16-related MUFA, their plasma and liver DI (palmitoleic/palmitic and vaccenic + palmitoleic/palmitic), and notably liver SCD-1 expression were all higher than in controls. These data are consistent with previous studies that demonstrated developmental programming of offspring fatty acid metabolism by altered maternal nutrition during pregnancy [32, 39] . Maternal obesity is now the most common pregnancy comorbidity encountered in the clinical setting. The present study demonstrates that exposure to a maternal diet high in fat during pregnancy and nursing programs increased liver SCD-1 activity and increased plasma and liver C16 desaturase pathway in the adult male offspring, providing increased MUFA for TAG synthesis. Furthermore, perturbations in fatty acid metabolism were evident prior to the onset of obesity in our model. Further studies are required to determine whether plasma fatty acid DI may be used as an early marker of altered liver fatty acid metabolism to assist in the identification of offspring that may be at risk of increased adiposity in adulthood, offering the potential for both obesity intervention and prevention.
